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One appl icat ion of the technology of s t rong  pulsed magnet ic  f ie lds  is  in s y s t e m s  for  acce le ra t ing  p r o j e c -  
t i l es  to high veloci t ies  consis t ing of capaci t ive  energy  s to rage  (CES) and an acce le ra t ing  sys t em,  in which a 
conductor is acce l e r a t ed  by e l ec t romagne t i c  fo rces  along d i rec t ing  cur ren t -conduc t ing  r a i l s  [1-3]. The need 
for inc reas ing  the m a x i m u m  de te rmined  by the conditions of heating,  veloci ty  of bodies  with a sma l l  t r a n s v e r s e  
c r o s s  sec t ion  and dec rea s ing  the in tensi ty  of a rc ing  in the moving contact  between the conductor and the d i r ec t -  
ing cur ren t -conduc t ing  r a i l s  led to the deve lopment  of  s y s t e m s  with aux i l i a ry  t r a n s f o r m e r s  [2, 3], in which the 
cur ren t -conduc t ing  r a i l s  a r e  connected to a s econda ry  winding with a l a rge  number  of loops,  while the cu r r en t  
genera t ing  the acce l e ra t ing  magnet ic  field flows along one loop of the p r i m a r y  winding. A var ian t  of such s y s -  
t e m s  is  the s cheme  with a bias  magnet iza t ion  c i rcu i t  [3], connected in s e r i e s  with the r a i l s  and the acce le ra t ed  
conductor,  which can be called an a u t o t r a n s f o r m e r  s cheme .  Both these  s c h e m e s  p r e s e r v e  the volume densi ty 
of the acce l e ra t ing  fo rce  as the cu r r en t  in the conductor  drops  owing to an i n c r e a s e  in the magne t ic - f ie ld  in-  
duction of the bias  magnet iza t ion  c i rcu i t .  The acce l e ra t ion  p r o c e s s  is  often studied with the use  of the theory  
of c i rcu i t s  with lumped p a r a m e t e r s  [4]. In so doing, however ,  i t  is  imposs ib le  to take  into account nonl inear  
diffusion and convect ion of the field into the conductor and the dynamics  of m a s s  reduct ion on acce le ra t ion .  

1. Without going into the speci f ic  s t r uc tu r a l  de ta i l s  of the a u t o t r a n s f o r m e r  acceleratin~g s y s t e m s ,  in o r d e r  
to unders tand the f ac to r s  de te rmin ing  the acce l e ra t ion  p r o c e s s  we shal l  s tudy a one-d imens iona l  model  con-  
s i s t ing  of two-d imens iona l  c i r cu i t s  (Fig. 1). The c h a r a c t e r i s t i c  inductance of the CES is  taken into account by 
placing the acce le ra t ed  body at some  distance/02 f r o m  the beginning of the r a i l s .  The calcula t ions  were  p e r -  
fo rmed  based on the magnet ic  induction and the e lec t r i c  field s t rength ,  which is equivalent  to studying equivalent  
f lat  busba r s  with unit width and unit d is tance between the r a i l s .  

In the coordinate  s y s t e m  tied to the outer  su r f ace  of the solid phase  of the conductor,  neglect ing the d i s -  
p l acement  cu r r en t s ,  the equation desc r ib ing  the in te rac t ion  of the e l ec t romagne t i c  field has  the f o r m  [5] 

OB O__ [2_ a~l  O (u~) 
O--}-= az L~0 axj a; ' (1.1) 

where B = -kS  is the magnetic field induction vector; u = iu is the flow velocity of the liquid phase in the chosen 
coordinate  sys t em;  P0 = 4v �9 10 -7 H / m ;  and i, j ,  and k a re  the unit vec to r s  along the x, y, and z axes .  

We a s sume  that  the r e s i s t i v i t y  depends l inea r ly  on the  injected energy  r ight  up to the boiling t e m p e r a t u r e  
[5]. Then 

0p = k p  [0~  ? 
0-'7- "1~o L Ox j " (1.2) 

t t e r e  k is  a d imensional  constant,  whoso value is  p re sen ted  in [2] fo r  a number  of me ta l s  and y is  the densi ty  
of the conductor  m a t e r i a l .  

The  equation of motion for  the veloci ty  v and the d i sp l acemen t  l is  

2 0l 
ovoT= {[B1 + B~(--  h (t), t)]~-- B,]/[2~to?h (t)], - ~  = v, (1.3) 

where  B 1 and B 2 a r e  the components  of the resu l t ing  acce l e ra t ing  magnet ic  field,  de te rmined  by the bias  m a g -  
net izat ion c i rcui t  and the r a i l s ,  r e spec t ive ly .  
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Fig. i 

Since  the l a t e ra l  s u r f a c e  of  the a c c e l e r a t e d  conduc to r  Ah 2 is a p p r o x i m a t e l y  an o r d e r  of magni tude  s m a l l e r  
than the a r e a  of  the bias  magne t i za t ion  c i r cu i t  llA 1, in what  fol lows we shal l  neg lec t  the change in the magne t ic  
flux of the b i a s - m a g n e t i z a t i o n  c i r c u i t  owing to d i f fus ion of  the field into the a c c e l e r a t e d  conduc tor .  Then the 
le f t -hand  boundary  condi t ion at x = - h ( t )  is  d e t e r m i n e d  by the e l e c t r o t e c h a i c a l  equat ions  for  the  d i s c h a r g e  of 
the  capac i to r :  

_ a s d 
U - -  B ~ -  ~ r 4- -~- [wlB1Z1A 1 + wiB2[ 2 (t) A 2 4- B2/o2A~] + 

d dU a 2 B e a l BI 
+ -dE [B212 (t) h., + B~l 2 (t) A~] + E A .  2, ~ ~~ c w~Vto-~. ~ 

where  U is the vol tage on the capac i to r ;  C is  the capac i t ance  of the capac i to r ;  r is the equivalent  total  ac t ive  
r e s i s t a n c e  of the a c c e l e r a t o r  and the capac i t o r ;  w i, l l, A l, a 1 a r e  the n u m b e r  of loops,  the equivalent  lengths,  
the in te rbus  gap width and the width of  the c u r r e n t  s t r i p  of the bias  magne t i za t ion  c i rcu i t ;  /2(t), A2, a 2 a r e  the 
d i s p l a c e m e n t  of the a c c e l e r a t e d  conduc to r ,  the equiva len t  i n t e r r a i l  gap width, and the equivalent  width of the 
c u r r e n t - c a r r y i n g  s t r ip  of the r a i l s .  

F o r  a given c ons t ruc t i on  the equ iva len t  p a r a m e t e r s  of  the o n e - d i m e n s i o n a l  computa t iona l  model  a r e  found 
f r o m  the equal i ty  of  the componen t s  of the induc tances  of  the model  and of  the s t r u c t u r e ,  and the values  of  the 
induct ion  a r e  taken  in the f o r m  B 1 = k l#owl i / a  l, B2 = k2poi/a2,  where  kt and k 2 a re  d i m e n s i o n l e s s  coef f ic ien ts  
(kI,2E [0, 1]), d e t e r m i n e d  in each  spec i f i c  c a s e  f r o m  the r e s u l t s  of phys ica l  model ing,  whose method is de sc r ibed  
in [6]; i is the d i s c h a r g e  c u r r e n t .  

T r a n s f o r m i n g  to the e l e c t r i c  field s t r eng th  and the r e su l t i ng  B = B 1 + B 2 magne t ic  induct ion we obtain the 
le f t -hand  boundary  condit ion:  

E ( - - h  (t), t) = E l ( t  ) -  - ~  [B ( - - h  (t), t) (L (t) 4- l~ (t))] - - B  ( - - h  (t), t)nz,  

L (t) = [wiW*olxA~/h ~ 4- wxl 2 (t) + lo2]/(w* ~ + t), 

= aJl,0A  (w; + t)1, w0 = wla,/al; 

dE, B (0, t)/[ ,0 (w~ 4- l) C,], Cl = CA.,In v E 1 = U/A 2. dt 

(i .4) 

(i.5) 

The main  boundary  condi t ion at x = 0 is B(0, t) = Bl(t). The init ial  condi t ions  a r e  U = U o, B(x, 0) = 0, E(x, 0) = 0, 
/2(0) =/02, v(0) = 0 a t  t = 0. 

The in t eg ra t ion  is c a r r i e d  out up to the m o m e n t  tl,  at which/2(t l)  =/12, where  112 is the length of the r a i l s  
a long which the a c c e l e r a t i o n  o c c u r s .  

The s y s t e m  (1.1)-(1.5) mus t  be supp lemen ted  by equat ions  d e s c r i b i n g  the change  in the m a s s  of the a c -  
c e l e r a t e d  conduc to r  dur ing  a c c e l e r a t i o n .  As shown in [7, 8], when a s t r o n g  pulsed magne t i c  field i n t e r a c t s  
with the c o n d u c t o r s  the change  in the g e o m e t r i c  d imens ions  of the conduc to r  is a s s o c i a t e d  with the e jec t ion  
of m a t t e r  f ro ra  the skin  l a y e r  owing to "fas t"  exp los ion  ( loss  of conduc t iv i ty  of the meta l  vapor)  and "s low" 
explos ion  (eject ion of the mel ted  me ta l  a long the l ines  of  force) .  

We take  the f i r s t  m e c h a n i s m  into accoun t  by a s s u m i n g  that  the conduc t iv i ty  is los t  in a j u m p - l i k e  fashion,  
if the heat  content  p e r  unit  vo lume exceeds  Qi - the hea t  of  sub l ima t ion  ( ideal ized explos ion  of  the skin layer ) .  

We neg lec t  points  of the conduc to r  where  Q > Qt" A s s u m i n g  the flow of liquid meta l  to be s t a t i o n a r y  and 
neg lec t ing  the  nonun i fo rmi ty  of  the in te rna l  p r e s s u r e  in it, f r o m  B e r n o u l l i ' s  law we wr i t e  the ve loc i ty  of the 
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flow of liquid metal  in the z direct ion in the form v 1 = (2p l /y )  1/2 (Pl is the p r e s s u r e  at the boundary of the 
liquid and solid phases).  

F r o m  the condition that the liquid is incompress ible ,  taking into account the fact that metal  can be ejected 
only along the z coordinate,  for the velocity of the surface  of the conductor we obtain 

u i  = 2Vlh , /a2 .  

Here h 1 is the extent of the liquid phase (the distance f rom the surface  of the conductor to the point where the 
heat-content  per  unit volumes equals Q2 - t h e  total specific heat content of the liquid phase); the factor  of two 
takes into account the ejection of metal on both sides.  We give the l inear distribution of the velocity in the 
liquid layer  in the form u(x, t) = u1(1 - [ x [ / hi). 

The distr ibution adopted for  the velocity does not lead to large e r r o r s ,  since p re l iminary  calculations 
showed that u << c, where c is the velocity of sound in the liquid metal, while the extent of the liquid phase 

h 1 << h. 

Using d 'A lamber t ' s  principle and the condition of equilibrium, for  the internal p r e s s u r e  p(x, t ) w e  find 

.x 

p (x,  t) = - J (I~ - 1,,.) dx ,  
--h 

where fl and f2 are  the volume density of the e lect romagnet ic  and inertial  forces :  

I~ B (~, t) OB (~, t) ! -  = - -  B2 ( -  h, t) - -  B~ (t) 
~o Ox ' " 2 ~ o h  

In the case when Pl > 0, tensi le  fo rces ,  which above some threshold value detach the layer  of liquid metal 
f rom the solid surface,  a r i se  at the boundary of the liquid and solid phases.  Thus for Pi > ae  (ae is the de-  
tachment  s t r e s s ,  determined by the surface  tension and the viscosity;  in our calculations,  since the loads are  
impulsive,  it is assumed that aeA 1 = 102 Pa) a l ayer  of extent h 1 is ejected and the boundary of the surface  
moves onto the boundary of the solid phase.  

The computational model adopted does not take into account all p roces se s  occur r ing  in the solid, liquid, 
and vapor phases: the three-d imens ional  nonstat ionary (wave) cha rac t e r  of the expansion, the development of 
MHD instabil i t ies in the liquid metal ,  shock waves, and brit t le f rac ture  of the solid phase.  However, it not only 
ref lec ts  co r rec t ly  the threshold cha rac te r  of the p roces se s  and the basic aspects  of the phenomenon as a whole, 
but, unlike [3, 5], it also enables following the dynamics of mass  reduction and the change in the phase (percent 
rat io of the solid, liquid, and vapor phases) state of the conductor during the accelera t ion p rocess ,  which makes 
it possible to study the relat ionship between the reduction in the mass  of the conductor and the e lec t r ica l  pa-  
r a m e t e r s  of the d ischarge  c i rcu i t  and the operat ing efficiency of the acce le ra tor .  

2. The sys tem of equations derived for  given boundary and initial conditions was solved in a dimen-  
s ionless  form by the method of finite differences employing a purely implici t  scheme [9, 10]. In so doing, the 
method of separa te  i terat ions for a completely conservat ive  difference scheme was employed [9]. 

The nonlineari ty of Eq. (1.1) was taken into account by the method of success ive  approximations,  in which 
the values of the unknown functions were taken f rom the preceding i terat ions.  

The following were used as the base quantities: C* = C1, x* == (C~p~/lio) Us, t* = (x*)~0/p0, B* ---- (2Ql~0) 1/~, 
E *  = B*po/(~toX*) ,  r* = po/x*. 

The choice of x* - the equiv~alent thickness of the skin l ayer  for  maximum possible frequency of the d is -  
charge - as a base quantity makes it possible to employ a spatial grid step h such that the change in the field 
s t rength within this interval would ensure  the required computational accuracy.  The p a r a m e t e r s  of the solution 
are  as follows: eo = Uo!(A.~E*), • = h / x * ,  • = h ( t~ ) / x* ,  so2 = lo2"/x*,, E l  = l l / x * ,  e12 = 112/x*, ~ = Q J Q 1 ,  (~ = 

I " = h ( t ) / x * ,  s.z = p0~/(2p0Q1),v = 2poQlk / (poyx*) , :  P" rx*/i)0 for var iable  • = = l.,.(t)lx*, V v t * / x * .  

We shall s t a r t  the analysis  of the computational resu l t s  with the scheme without a b ias-magnet iza t ion 
c i rcui t  (w 1 = 0). We studied an aluminum conductor with the mater ia l  cha rac te r i s t i c s  presented in [5]. F ig-  
ures  2 and 3 show the values of the efficiency of convers ion of the energy stored in the capaci tor  into the kinetic 
energy of the acce lera ted  body and the velocity and mass  of the conductor,  scaled to its s tar t ing  value, as a 
function of e12, for  different values of ~0 [for curves  1 and 5, ~0 = 38; 2, 6 - 76; 3, 7 - 191; 4, 8 - 477 for  ~ = 
9.16 �9 10 -2 , a = 2 . 4 3 . 1 0  -17, u =0.1 �9 10 -2 ,p  =0,  e02 =91, e 0 =1.07 �9 10-1]. Comparison of t h e r e s u l t s  in 
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the  c a s e  when n o n l i n e a r  d i f fu s ion  and the  m a s s  r e d u c t i o n  a r e  t a k e n  into accoun t  ( c u r v e s  5-8  in F ig .  2) and the  
l i n e a r  a p p r o x i m a t i o n  with  c o n s t a n t  m a s s  ( c u r v e s  i - 4 )  shows  tha t  in  the  s e c o n d  c a s e  t he  v a l u e s  of  the  e f f i c i e n c y  
a r e  too  h igh ,  m~d in a d d i t i o n  the  change  in the  m a s s  of t he  c o n d u c t o r  d u r i n g  the  a c c e l e r a t i o n  p r o c e s s  has  t he  

g r e a t e s t  e f fec t .  

The d e c r e a s e  in  the  a c h i e v e d  v e l o c i t y  c o m p a r e d  with  the  c a l c u l a t i o n  with c o n s t a n t  m a s s  i s  g r e a t e s t  fo r  
h igh c u r r e n t  r i s e  r a t e s  and e x t e n d e d  c o n d u c t o r s  (e 0 > 1.07 �9 10 -1, >c o > 100, ~02 < 91). In t h i s  c a s e ,  i n i t i a l l y ,  
when the  v e l o c i t y  and d i s p l a c e m e n t  of  the  c o n d u c t o r  a r e  s m a l l ,  d i f fus ion  of the  p u l s e d  m a g n e t i c  f i e ld  i s  a c -  
c o m p a n i e d  by i n t e n s e  e r o s i o n .  The  r e d u c t i o n  in  the  s i z e  of  the  body,  which c h a n g e s  the  m a g n e t i c  f lux a s s o -  
c i a t e d  wi th  the  c o n d u c t o r ,  g i v e s  r i s e  to  the  a p p e a r a n c e  of a c o u n t e r  enlf ,  which l i m i t s  the  d i s c h a r g e  c u r r e n t  
and s i g n i f i c a n t l y  (up to 1 0 0 ~  d e c r e a s e s  the  v e l o c i t y  a c h i e v e d .  In o t h e r  w o r d s ,  the  change  in the  i nduc t ance  of  
t he  d i s c h a r g e  c i r c u i t  i s  d e t e r m i n e d  by the  m a s s  l o s t  by the  a c c e l e r a t e d  c o n d u c t o r .  F o r  the  l o w e s t  c u r r e n t  r i s e  
r a t e s  and the  s m a l l e s t  l eng th s  ( m a s s e s )  of t he  c o n d u c t o r s ,  by the  t i m e  a t  which  the  d i m e n s i o n s  of the  body begin  
to  change  t h e  c o n d u c t o r  can  m o v e  a long  the  r a i l s  and the  c o n t r i b u t i o n  of the  c o u n t e r  emf  d e c r e a s e s .  

In a l l  s t a t e s  s t u d i e d  (3 k V / c m  _< E 1 <_ 30 k V / c m ;  5.5 �9 10 -2 F _ C 1 _ 5.5 F;  2.16 g _ m 0 _< 10.8 g, 0.48 - 
10 -2 m _< 102 _< 0.48 �9 10 -1 m) the  m a s s  of the  a c c e l e r a t e d  body d e c r e a s e d  p r i m a r i l y  owing to the  e j e c t i o n  of 
the  l iqu id  p h a s e  - " s low e x p l o s i o n . "  The  p r e s s u r e  in  t h i s  c a s e  d id  not e x c e e d  the  d y n a m i c  y i e l d  s t r e s s  [11], 
which  m a k e s  i t  p o s s i b l e  to  i g n o r e  in  the  m a t h e m a t i c a l  m o d e l  the  d e f o r m a t i o n  of  the  so l id  p h a s e .  

The  b i a s - m a g n e t i z a t i o n  c i r c u i t  r e d u c e s  t he  m a g n e t i c  induc t ion  of the  r a i l s ,  wh i l e  the  d i f fus ion  of the m a g -  
ne t i c  f i e ld  of the  b i a s - m a g n e t i z a t i o n  c i r c u i t  in to  the  c o n d u c t o r  f r o m  both  s i d e s  g i v e s  r i s e  to a dd i t i ona l  hea t ing  
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and m a s s  loss  at the f ron t  of the pro jec t i l e .  The  r e s u l t s  of calcula t ions  of the values  of the veloci ty  (curves  
1-4) and the change in m a s s  (curves  5-8) at the end of the r a i l s  for  w 1 = 1, p resen ted  in Fig. 4 (1 - ~0 = 38; 2 - 
76; 3 - 1 9 1 ;  4 - 4 7 7 ,  e 0 = 1 . 0 7 .  10 -1, ~ =9.16 �9 10 -2 , a = 2 . 4 3 .  10 -1Y, ~ =0.1  �9 10 -2 , #  =0 ,  e02 =91),  show 
that t he re  a r e  values  of the p a r a m e t e r  e12 for  which the m a s s  loss  is  max imum.  As an example  Fig. 5 shows 
the r e su l t s  of the calculat ion of the acce l e ra t ion  of an a luminum body m0 = 4.32 g with the d imens ions  15 • 
15 • 7 m m  on a setup with an energy  s to r e  of 500 kJ, U 0 = 30 kV, and U0/L  0 = 101S A / s e c  for  l I = 112 = 0.1 m 
[(m 0 - m ) / m  0 = 0.4 co r r e sponds  to e scape  of the body) for  an a c c e l e r a t o r  with a b i a s -magne t i za t ion  c i rcu i t  and 
a r a i l t ron  (curves  1 and 2). Compar i son  of the s c h e m e s  with and without a b i a s -magne t i za t ion  c i rcui t ,  c a r r i ed  
out for  the r e g i m e  with a 30% m a s s  loss  (Fig. 6, cu rves  1 and 2, r e spec t ive ly ,  and the s a m e  computat ional  pa -  
r a m e t e r s  as for  Fig. 4), d e m o n s t r a t e s  the advantages  of a u t o t r a n s f o r m e r  s c h e m e s  in r e g i m e s  with intense m a s s  
loss  during the acce le ra t ion  p r o c e s s .  

L I T E R A T U R E  C I T E D  

�9 1. F . D .  Rosen,  "A magnet ica l ly  augmented r a i l  gun," 7th Symposium on Hyperve loc i ty  Impact ,  T a m p a  (1964). 
2. V . F .  Agarkov,  V. N. Bondaletov,  et al., "Acce le ra t ion  of conductors  up to hypersonic  ve loci t ies  in an i m -  

puls ive  magnet ic  field," Zh. P r ik l .  Mekh. Tekh.  Fiz . ,  No. 3 (1974). 
3. V . N .  Bondaletov, S. A. Kalikhman,  and V. N. F o m a k i n ,  "Compu te r  study of the eff ic iency of different  de-  

s igns  of a c c e l e r a t o r s  fo r  h igh-ve loc i ty  conducting p ro j ec t i l e s , "  in: High-Vol tage Impuls ive  Technology 
[in Russian] ,  Cheboksary  (1975), No. 2. 

4. G . A .  Shneerson,  Fie lds  and T rans i en t  P r o c e s s e s  in S u p e r s t r o n g - C u r r e n t  Appara tus  [in Russian] ,  ]Sner- 
goizdat ,  Moscow (1981). 

5. G. Knopfel ' ,  Supers t rong  Impuls ive  Magnetic Fields  [Russian t rans la t ion] ,  Mir ,  Moscow (1972). 
6. K . S .  Demir tchyan ,  Modeling of Magnetic Fields  [in Russian] ,  l~nergiya, Leningrad (1974). 
7. G . A .  Shneerson,  " T h e o r y  of e lec t r i c  explosion of a skin l aye r  in a supe r s t rong  magnet ic  field," Zh. Tekh. 

Fiz . ,  i_33, No. 2 (1972). 
8. Yu. N. Bocharov,  A. I. Kruchinin,  and G. A. Shneerson,  "Choice of p a r a m e t e r s  of capaci t ive  s to rage  for  

the genera t ion  of a supe r s t rong  magnet ic  field in exploding solenoids with smal l  volume,"  Vestn.  Khar 'kov  
Poli tekhn.  Inst . ,  No. 123, No. 4 (1977). 

9. A . A .  S a m a r s k i i  and Yu. P. Popov~ Dif ference  Schemes  for  Gas Dynamics  [in Russian] ,  Nauka, Moscow 
(1975). 

10. N . N .  Kalitkin, Numer ica l  Methods [in Russian] ,  Nauka, Moscow (1978). 
11. V . G .  Belan, S. T. Durman,  et al. ,  "Energy  l o s se s  due to p las t ic  deformat ion  accompanying the c o m p r e s -  

s ion of a cyl indr ica l  shel l ,"  Zh. Pr ik l .  Mekh. Tekh. Fiz . ,  No. 2 (1983). 

344 


